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Abstract
In the filamentous cyanobacterium Oscillatoria chalybea photolysis of water does not take place in the complete absence of
oxygen. A catalytic oxygen partial pressure of 15U1036 Torr has to be present for effective water splitting to occur. By
means of mass spectrometry we measured the photosynthetic oxygen evolution in the presence of H182 O in dependence on the
oxygen partial pressure of the atmosphere and analysed the liberations of 16O2, 16O18O and 18O2 simultaneously. The
observed dependences of the light-induced oxygen evolution on bound oxygen yield sigmoidal curves. Hill coefficient values
of 3.0, 3.1 and 3.2, respectively, suggest that the binding is cooperative and that four molecules of oxygen have to be bound
per chain to the oxygen evolving complex. Oxygen seems to prime the water-splitting reaction by redox steering of the S-state
system, putting it in the dark into the condition from which water splitting can start. It appears that in O. chalybea an
interaction of oxygen with S0 and S1 leads to S2 and S3, thus yielding the typical oxygen evolution pattern in which even after
extensive dark adaptation substantial amounts of Y1 and Y2 are found. The interacting oxygen is apparently reduced to
hydrogen peroxide. Mass spectrometry permits to distinguish this highly specific oxygen requirement from the interaction of
bulk atmospheric oxygen with the oxygen evolving complex of the cyanobacterium. This interaction leads to the formation
H2O2 which is decomposed under O2 evolution in the light. The dependence on oxygen-partial pressure and temperature is
analysed. Structural peculiarities of the cyanobacterial reaction centre of photosystem II referring to the extrinsic peptides
might play a role. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Despite considerable e¡orts, the detailed mecha-
nism of the water-splitting reaction is still unknown.
In particular the structural prerequisites of the cata-
lytic site where water oxidation is supposed to take
place are unknown. One knows that there are four
manganese atoms organized as a cluster which have
to be present somewhere within the D1/D2 hetero-
dimer [1]. The location has been very carefully
worked on [2^4] without giving the clue to what is
really important in the surrounding of this metal
cluster in order to function properly. It is beyond
discussion that the metal cluster is located towards
the luminal side of the photosystem II complex and
is, in the phylogenetically optimized system of photo-
system II in higher plants, surrounded for protection
and perhaps for the creation of a suitable catalytic
protein environment by the extrinsic 33 kDa, 25 kDa
and 17 kDa peptides [5]. The removal of these pep-
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tides causes that photosystem II activity measured as
oxygen evolution requires then the addition of prop-
er concentrations of Ca2 and Cl3 [6]. Under con-
ditions when the extrinsic peptides were removed
from the preparations, Aî kerlund [7], Schro«der and
Aî kerlund [8] and Berg and Seibert [9] observed hy-
drogen peroxide formation at the donor side of pho-
tosystem II. The observation that an oxygen evolu-
tion signal was observed under the ¢rst and second
£ash of a £ash sequence, which could be enhanced
by the addition of hydrogen peroxide and abolished
by catalase, was taken as evidence for the production
of hydrogen peroxide by photosystem II. Under the
condition when in photosystem II preparations the
extrinsic 23 and 16 kDa peptides were removed, hy-
drogen peroxide was shown to be an electron donor
to photosystem II. The condition was compared to
the situation when preparations from plants which
were chloride-de¢cient were used. Almost at the
same time Bader et al. [10] observed in the phyloge-
netically old system of the ¢lamentous cyanobacte-
rium Oscillatoria chalybea an unusual oxygen evolu-
tion pattern which showed an amperometric O2
signal under the ¢rst £ash of a sequence. As shown
by mass spectrometric analysis with this organism,
oxygen evolved under the ¢rst £ash comes from the
water-splitting reaction, hence the amperometric sig-
nal is at least partially due to metastable S3 [10]. In
later studies in which the isotope distribution of the
evolved oxygen after addition of H182 O and a third
analysing £ash was measured it was above all ob-
served that up to the S3 state no bound or unex-
changeable water existed and that water was split
without the detection of any intermediate [11]1. In
the course of these studies it was, however, also ob-
served that in Oscillatoria interaction of free ‘atmos-
pheric’ oxygen with the S-state system occurred,
yielding H2O2 which was decomposed by the S-state
system to give oxygen [13]. The mass spectrometric
analysis which was conducted via assays with H162 O
in equilibrium with 18O2 clearly demonstrated H2O2
production and decomposition. In higher plants this
e¡ect was never observed and it was concluded that
it was the absence of the two extrinsic peptides in the
¢lamentous cyanobacterium which made the ob-
served interaction possible, so that we discussed a
functional system which was not yet optimized [10]
and which compared practically in vivo to the arti¢-
cial systems described by Aî kerlund [7], Schro«der and
Aî kerlund [8] or Berg and Seibert [9]. A recent eval-
uation of the present knowledge of the water-split-
ting system with respect to structural prerequisites by
Wydrzynski et al. [14] dealing with a hypothesis on
the ‘functional signi¢cance of substrate (i.e. water)
accessibility in the photosynthetic water oxidation
mechanism’ takes up this 10 year old observation
and works out a hypothesis in which an organized
and very de¢ned water accessibility to the catalytic
site is the clue to proper and e⁄cient O2 evolution. If
by structural de¢ciency, such as absence of the ex-
trinsic peptides, this condition cannot be met, the
system becomes leaky, more water than desired
would enter the system leading to H2O2 formation
and decomposition. In the course of our studies on
H2O2 production with Oscillatoria, which owns only
the 33 kDa extrinsic peptide (other extrinsic peptides,
also those of the cytochrome c550 type [15], are not
present or better have never been found), we ob-
served that photosystem II-mediated O2 evolution
required the presence of a small amount of oxygen,
i.e. did not function under anaerobic conditions [13].
The present paper presents a mass spectrometric
analysis of this phenomenon and discusses the impli-
cations of this observation.
2. Material and methods
2.1. Photosynthetic organisms and preparations
The ¢lamentous non-heterocystous cyanobacte-
rium O. chalybea was obtained from the algal collec-
tion of the Institut fu«r P£anzenphysiologie in Go«ttin-
gen, Germany. In contrast to other cyanobacteria
this strain does not grow in the standard gas-bubbled
culture tubes. Therefore, the cyanobacterium is rou-
tinely cultivated in large Petri dishes on clay plates
which serve as porous mechanical support to which
the ¢laments can attach for optimal growth. As cul-
1 The newest information on the subject does not change this
view [12]. The two substrate water molecules necessary for the
evolution of one molecule O2 are both bound in the S3 state.
Recently obtained isotope exchange kinetics seem to reveal that
‘the two substrate water molecules must be undergoing separate
exchange processes at chemically di¡erent sites’ [12].
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ture medium we used medium D described by Kratz
and Myers [16]. The cultures were kept in a climat-
ized room at 26‡C with a 14 h light/10 h dark cycle
at a light intensity of about 12 WE m32 s31. After 3^4
weeks of growth the cells were harvested from the
dishes and thylakoids were prepared according to
earlier described procedures [10]. Following mechan-
ic homogenization, the exopolysaccharide layer
around O. chalybea cells can be digested by enzymic
treatment with glucuronidase. Removal of the cell
walls and preparation of protoplasts were achieved
by subsequent incubation with cellulase and lyso-
zyme. Reaction assays usually were composed of cy-
anobacterial thylakoids equivalent to 40 Wg chloro-
phyll in a total volume of 2 ml with 0.06 M Tricine
and 0.03 M KCl.
2.2. Mass spectrometry
Mass spectrometry was performed using the stable
isotope ratio mass spectrometer ‘delta’ from Finni-
gan MAT (Bremen, Germany). This instrument is a
magnetic sector¢eld spectrometer which has been
substantially modi¢ed for highly sensitive and dy-
namic photosynthetic experiments. The modi¢cations
comprise a bypass of the standard entry system by
means of a direct link of the reaction chamber to the
tungsten ion source at a high vacuum of 6 1036
mbar and the installation of 1 G6 resistances in
the Faraday cups of the analyser system. Further
details of the adapted setup have been described ear-
lier [13,17]. The setup allows the simultaneous detec-
tion and recording of masses 32 (16O2), 34 (16O18O)
and 36 (18O2), respectively, via three independent
channels on a SE 130-03 BBC metrawatt 3-channel
recorder. The calibration of the mass spectrometer
and corrections for the isotope dilution according
to the equation given by Peltier and Thibault [18]
and further details have also been described by Bader
[21]. Photosynthetic oxygen evolution as the conse-
quence of short saturating £ashes was measured by
illumination of the assays with the stroboscope
1539A of General Radio yielding £ashes of 5 Ws du-
ration at a £ash frequency of 3.33 Hz. Anaerobic
conditions in the cyanobacterial suspension have
been installed by extensive £ushing of the gas phase
(inside a closed reaction vessel) over the liquid reac-
tion assay with pure nitrogen.
2.3. Oxygen isotopes and oxygen isotope containing
water
Oxygen isotopes and oxygen isotope containing
water were obtained from Euriso-Top (Saint Aubin,
France). Depending on the partial pressure of di¡er-
ent isotopes together with di¡erent isotope composi-
tion of the liquid phase of the reaction assay di¡erent
phenomena (water oxidation, peroxide decomposi-
tion etc.) can be discriminated at m/e = 32 or m/
e = 36. In speci¢c cases quantitative evaluation of
the mixed isotope molecule (16O18O; m/e = 34) is spe-
ci¢cally well suited for the interpretation of involved
reaction mechanisms. Details of the reaction assays
are given in the ¢gure legends or in the correspond-
ing text.
3. Results
As shown in earlier work, the water-splitting com-
plex of the ¢lamentous cyanobacterium O. chalybea
looses under anaerobic conditions the capacity to
split water and to evolve oxygen [13]. This e¡ect is
absolutely not observed in higher plant chloroplasts.
The observations available showed that starting from
the anaerobic condition a very small catalytic quan-
tity of oxygen is necessary in order to restore full
activity [13]. The example given at the time for Os-
cillatoria showed only a small signal for O2 evolution
observed as consequence of ten £ashes at an oxygen
partial pressure of 50 mV (15U1036 Torr). A small
increase of this partial pressure to 53 mV corre-
sponding to a partial pressure increase of 0.9U1036
Torr restored the O2 evolution signal almost fully. In
the course of these observations, it became clear that
the e¡ect took place at very low oxygen partial pres-
sures. An O2 partial pressure of 50 mV compares
with normal O2 partial pressure of air (in equilibrium
with its aqueous solution at room temperature) as
50:1000. In the frame of the present study we have
transformed the millivolt scale into the chemically
relevant oxygen concentration and know now that
in an assay volume of 2 ml 20 mV correspond to
an oxygen concentration of 11.2U1039 moles. With
this knowledge the earlier made statement is con-
¢rmed, that a value of 3 mV, which is seen in the
transition of 50 to 53 mV and which corresponds to
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16.8U10310 moles oxygen is much too low for con-
sidering overreduction of the acceptor side of photo-
system II and thereby an inactivation of photosystem
II. Moreover, addition of K3FeCN6 did not in£uence
the phenomenon. The ¢rst question to answer was:
how much oxygen is really necessary for this e¡ect?
Also in the earlier paper it was already clear that a
distinct small number of O2 molecules had to be
present in bound form before the process of water
splitting could take place [13]. Assays with a total
volume of 2 or 3 ml were made anaerobic by exten-
sive £ushing with nitrogen. The assays always con-
tained highly active thylakoid preparations corre-
sponding to 47 Wg chlorophyll. Thereafter, into the
totally anaerobic assay, air was permitted to enter by
slow di¡usion via a ¢ne valve in the measuring cell.
The ¢rst increase of the O2 partial pressure was
measured immediately and simultaneously together
with the O2 evolution of the preparation as a conse-
quence of ten light £ashes. This type of experiment
yielded the result that in the 2 ml assay at room
temperature (22‡C) at least 6^7U1013 oxygen mole-
cules had to be added, if anaerobiosis was relieved in
the sense that a substantially increased oxygen evo-
lution signal was observed. Such an experiment is
shown in Fig. 1. In a comparable experiment with
3 ml assay volume, it was found that 5U1013 O2
molecules had to be added in order to restore photo-
synthesis. In order to compare the number of O2
molecules with the number of reaction centres
present in the assay, we ¢rst calculated that the thy-
lakoid preparation contained 47 Wg chlorophyll a
which corresponds to 28.3U1015 chlorophyll mole-
cules. According to Dekker et al. [19] in photosystem
II of the thermophilic cyanobacterium Synechococcus
sp. one reaction centre has 31 Chl a antenna mole-
cules. According to Golbeck [20] Synechococcus sp.
PCC 700 contains per photosystem I reaction centre
110 chlorophyll a molecules in the antenna. It is clear
that the size of the light antenna in the phylogeneti-
cally old system of the ¢lamentous cyanobacterium
O. chalybea may be di¡erent from Synechococcus.
But for a crude estimation of the reaction centres
in photosystem II of our Oscillatoria preparations
the values of Synechococcus were taken. Accordingly,
the above mentioned chlorophyll a content of the
preparation of 28.3U1015 chlorophyll molecules
gave after division by 150 an estimated value of
nearly 19U1013 reaction centres in photosystem II.
Under the assumption that the number of reaction
centres is roughly correct, this might mean that one
fourth or one third of the reaction centres somehow
bind one O2 molecule before O2 evolution can be
measured. Of course, it could be that the starting
point of the partial pressure scale was incorrectly
determined (Fig. 1). One could also assume that
the reaction centres of the assay which yield the min-
imal signal and which is furthered by the noted min-
imal number of O2 molecules of 5^7U1013, already
contain oxygen, above all since the liquid phase still
contains a pool of 5^7U1015 O2 molecules (vide
supra) from which according to the a⁄nity of the
system (i.e. the water-splitting enzyme complex), oxy-
gen is bound. From this, it is clear that the problem
can only be solved by measuring the dependence of
O2 evolution (as a consequence of ten short saturat-
ing light £ashes) on oxygen partial pressure. Here,
measurements of O2 evolution signals as a conse-
quence of light £ashes and of the O2 partial pressure
in the assay solution which, ranging in the low region
of 0^110U1039 mol O2 represent the only experimen-
tal problem. Otherwise the task recalls the measure-
ment of O2 binding onto haemoglobin in dependence
Fig. 1. Photosynthetic oxygen evolution from the ¢lamentous
non-heterocystous cyanobacterium O. chalybea in dependence
on the oxygen partial pressure of the surrounding atmosphere
in a reaction assay of 2 ml. The signals were induced by a train
of ten short (5 Ws) light £ashes ¢red at a frequency of 3.3 Hz.
The left signal was obtained at an oxygen background signal of
26 mV equivalent to about 10.1U1015 oxygen molecules. Under
completely anaerobic conditions no photolytic activity can be
observed at all. Addition of 5U1014 oxygen molecules resulted
in the enhanced oxygen evolution signal shown on the right.
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on O2 partial pressure described in every biological
text book.
The assays were again carried out with 2 ml or
3 ml assay volume in the homemade measuring cell
described by Bader [21] and Bader et al. [11]. The
assays contained thylakoid membrane preparations
of O. chalybea always corresponding to 47 Wg chlor-
ophyll a. The assays usually contained 1 ml 94.6%
H182 O which corresponded according to the assay
volume to an K-value (which is the atom fraction
in the assay, which is 18O) of either 0.473 or 0.315.
Measurement of the evolved oxygen led to an isotope
distribution between 16O: :16O (mass 32), 16O: :18O
(mass 34) and 18O: :18O (mass 36). For the water-
splitting reaction of photosystem II the isotope ratios
are ¢xed and correspond to the principle
36:34:32 =K2 :2K(13K) :(13K)2 [11]. Deviations of
the experimentally determined distributions from
the theoretical values give insights into the reaction
itself or permit the conclusion that other reactions
are contributing.
Measurement of photosynthetic O2 evolution as
consequence of ten short saturating £ashes in de-
pendence on the oxygen partial pressure in the above
de¢ned pressure region gives for all three O2 isotopes
a sigmoidal curve (Figs. 2 and 3). The sigmoidal
curve permits, following classical biochemical tradi-
tion, the conclusion that photosynthetic oxygen evo-
lution in Oscillatoria depends on the binding of O2
onto the water-splitting enzyme complex and that
this binding is cooperative. A measure of cooperativ-
ity is the Hill coe⁄cient, which in the presented case
lies around 3 as shown by the Hill plot analyses (Fig.
4A^C). Concerning the a⁄nity of the water-splitting
enzyme for oxygen binding, the sigmoidal curve
yields an S0:5 value of 69U1039 mol 16O2 for the
measured mass 32 (Fig. 2) and of 63U1039 mol
18O2 for the measured mass 36 (Fig. 3). In compar-
ison to substrate a⁄nities of other enzymes, this rep-
resents a very high a⁄nity. The results are summar-
ized in Table 1. A cooperativity quanti¢ed by the
Hill coe⁄cient for which in the presented case a val-
ue of 3 is found, might mean that three O2 molecules
(the true number is most probably four) are bound
Fig. 2. Dependence of the photosynthetic oxygen evolution of
16O2 on the oxygen partial pressure of the atmosphere. The re-
action assay contained H182 O corresponding to K= 0.31. Under
these conditions the photosynthetically evolved oxygen is com-
posed of 16O2 :16O18O:18O2 = (13K)2 :2K(13K) :K2. The experi-
ment has been carried out at room temperature.
Fig. 3. Dependence of the photosynthetic oxygen evolution of
18O2 (mass 36) and of the mixed isotope molecule 16O18O
(mass 34) on the oxygen partial pressure of the atmosphere
equivalent to Fig. 2. The reaction assay contained H182 O corre-
sponding to K= 0.31. Under these conditions the photosyntheti-
cally evolved O2 is composed of 16O2 :16O18O:18O2 = (13K)2 :
2K(13K) :K2. The experiment has been carried out at room tem-
perature.
Table 1
A⁄nity and cooperativity for oxygen binding on the water-
splitting enzyme in O. chalybea
O2 evolution Hill
coe⁄cient
Concentration for
O2 half-saturation of the rate
of O2 evolution (S0:5) mol O2
36O2 3.2 þ 0.1 63.7 þ 14.1U1039
34O2 3.1 þ 0.1 62.7 þ 8.5U1039
32O2 2.9 þ 0.1 69.4 þ 20.4U1039
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within one (water-splitting) chain onto three binding
sites coupled to each other, in order to make water
splitting possible. Hence, the binding which takes
place with an extraordinary a⁄nity (vide supra)
can be e¡ected down to an O2 partial pressure of
de facto approx. 6U1015 O2 molecules in the space
element of the 2 ml assay. This value corresponds to
a general O2 partial pressure of 10U1039 mol or in
pressure units to 1035 Torr oxygen. This property is
not seen with higher plant chloroplasts as already
stated earlier [13]; however, it is also observed with
the ¢lamentous cyanobacterium Anabaena variabilis
and recent studies seem to indicate that the phenom-
enon is not restricted to ¢lamentous cyanobacteria.
Hence, the phenomenon which we describe for the
¢lamentous cyanobacterium Oscillatoria is of general
importance for the water-splitting reaction. It should
be noted already here that the structure of photo-
system II in higher plants di¡ers from that of our
¢lamentous cyanobacteria by the presence of two
extrinsic peptides, 23 and 17 kDa, which are lacking
in the cyanobacterial system. With thermophilic coc-
coidal cyanobacteria, e.g. Synechococcus vulcanus,
other peptides namely a 12 kDa and c550W20 kDa
are observed which might exert comparable functions
to those in the higher plant system [22].
The present measurements su¡er a considerable
complication by the earlier described H2O2 forma-
tion and decomposition in the ¢lamentous cyanobac-
terium. With Oscillatoria, maybe due to the absence
of the two extrinsic peptides, photosystem II is leaky
and interacts with atmospheric molecular oxygen
[13]. It was shown by mass spectrometric analyses
that O2 evolution in Oscillatoria depends on the
gas atmosphere, that is on the O2 content, and there-
with on the type of the oxygen isotope in the gas
atmosphere. Substitution of the normal 16O2 atmos-
phere by 18O2 leads to an O2 evolution pattern, in
which even in the total absence of 18O labelling in
water (i.e. in the exclusive presence of H162 O) an
18O2
Fig. 4. Hill plots of the dependences of the photosynthetic oxy-
gen evolution of 16O2 (mass 32), 18O2 (mass 36) and of the
mixed isotope molecule 16O18O (mass 34) on the oxygen partial
pressure of the atmosphere depicted in Figs. 2 and 3. The value
n corresponds to the calculated Hill coe⁄cient for the respective
isotope. The mV values represent the oxygen partial pressure of
half-maximal oxygen evolution (S0:5).
C
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labelling of O2 evolution is observed. Only a minimal
mixed labelling 16O: :18O was observed (Fig. 3 in
[13]). The quantitative evaluation of these analyses
led at the time to the conclusion that in Oscillatoria
during water splitting, oxygen enters the redox cycle
on the level of the S2 state, i.e. the water-splitting
system, and forms H2O2 which at the site of forma-
tion (in the light) is instantly decomposed by two
£ashes to two protons, O2 and two electrons accord-
ing to the equation H2O2CO2+2H+2e3 (this ex-
plains the lack of the mixed label). Accordingly, no
catalase-type reaction is possible. For principal and
theoretical reasons, since in the experiments repre-
sented here the oxygen partial pressure is established
with natural O2, hence 16O2, H2O2 formation and
decomposition, which in Oscillatoria are uncondi-
tionally linked to the H2O-splitting reaction, are
only observed with the measurement of mass 32
(hence 16O2). Every point in Figs. 2 and 3 was ob-
tained in the way that at the respectively established
O2 partial pressure the masses 32, 34 and 36 were
measured simultaneously. This means that at one
glance by comparing the three peak heights, the por-
tions of water splitting and of H2O2 decomposition
can be evaluated.
As noted above, the isotope distribution follows
under the exclusive function of the water-splitting
reaction strictly the principle 36:34:32 =K2 :
2K(13K) :(13K)2, where K is the atomic fraction in
water which is 18O (compare [11,13,23]). In an assay
system in which the gas atmosphere contains no 18O2
(hence only 16O2) and in which a mixture of H162 O
and H182 O is o¡ered to the enzyme for water oxida-
tion, the peak ratio 34:36 is a measure for water
splitting in any condition of the experiment, whereas
the mass peak 32 contains both activities, that is
measures H2O splitting and H2O2 decomposition.
Thus, in Figs. 2 and 3 the points marked with the
¢lled symbol show for all three masses the integrated
signal content for O2 evolution of masses 32, 34 and
36 at an O2 partial pressure of 38 mV which repre-
sents a partial pressure of 27U1039 mol O2 (Fig. 5).
By comparison of the percent values actually meas-
ured in the experiment with the theoretically ex-
pected values, also shown in Fig. 5, it becomes evi-
dent that under this partial pressure only the water-
splitting reaction takes place.
The absolute quanti¢cation of the peak ratios of
the three masses contained in Figs. 2 and 3 shows up
to which partial pressure value water splitting occurs
and where H2O2 decomposition starts (Table 2). It
is seen that the transition is continuous and that
above a partial pressure limit of 100^110 mV corre-
sponding to 60U1039 mol O2, H2O2 decomposition
takes place massively which integrates into the curve
without a visible break, which might be taken as
additional evidence that H2O splitting and H2O2
decomposition are mediated in the ¢lamentous
cyanobacterium by the same enzyme system.
The temperature dependence of O2 binding on the
water-splitting enzyme was measured at 4‡C (1^4‡C),
8‡C (6^8‡C), approx. 11‡C, 15‡C and at room tem-
perature, 22‡C. The requirement of O2 is seen at all
measured temperatures. Fig. 6 shows the dependence
of O2 evolution on the O2 partial pressure at 4‡C.
The dependence was measured in the saturation re-
gion almost up to the normal O2 partial pressure of
air. The sigmoidal curve shape is clearly seen, how-
ever, with S0:5 values shifted to higher O2 concentra-
tions when compared to curves measured at room
temperature (e.g. Figs. 2 and 3). In relation to other
cooperative enzyme reactions this is the usual situa-
tion and is expected. Here, the saturation levels of
the three curves are of particular interest showing
that in the 3 ml assay with a H182 O label correspond-
ing to K= 0.315 nearly theoretical values for the
Fig. 5. Isotope distribution of the photosynthetic oxygen evolu-
tion of 16O2, 16O18O and 18O2 in the case of the very low (but
not anaerobic) oxygen partial pressure of 38 mV in a thylakoid
preparation from O. chalybea. The values correspond to the
closed symbols in Figs. 2 and 3. Under these conditions the iso-
tope distribution corresponds exactly to the one calculated
under the assumption that only photolysis of water is involved
in the oxygen gas exchange. K was 0.31.
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water-splitting reaction are observed. A small devia-
tion is observed at this temperature only in the re-
gion of 18O2 which is found to be slightly too high.
Also here, this is interpreted in the sense that at this
low temperature the mixing of the added H182 O in the
H162 O bulk is not perfect, showing that H2O clusters
enter the enzyme [24]. In future experiments we will
calculate from such isotope distributions how big the
cluster must be that enters the enzyme. At any rate
the isotope distribution shows that at 4‡C over the
entire O2 partial pressure range (up to the region of
normal O2 pressures) no H2O2 formation and decom-
position takes place (Table 3). Saturation activities of
the water-splitting reaction measured as mass 34 or
mass 36 show temperature dependence. With falling
temperatures the values decrease, but are at 4‡C still
considerable (Fig. 6). Hill coe⁄cients have a ten-
dency to come out slightly higher and lie at/around
8‡C rather in the region of 4. Concerning the hydro-
gen peroxide decomposition in this case based on the
interaction of O2 (mass 32), the temperature depend-
ence is stronger in the sense that the lower the tem-
peratures are, the higher are the O2 partial pressures
at which no H2O2 decomposition occurs anymore.
As an example at 126 mV and 8.2‡C H2O2 decom-
position does not take place anymore or as shown in
the example of Table 4 for 7‡C, formation and de-
composition of H2O2 are massive only at an O2 par-
tial pressure of 244 mV (Table 4). In the region of
higher temperatures at a given temperature withinTa
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Fig. 6. Isotope distribution of the photosynthetic oxygen evolu-
tion of masses 32 (16O2, 34 (16O18O) and 36 (18O2) at an ambi-
ent assay temperature of 4‡C in a thylakoid preparation from
O. chalybea. The H182 O concentration in the assay corresponds
to K= 0.315.
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the O2 partial pressure curve, photosynthetic O2 evo-
lution in the region of higher O2 partial pressures is
always more or less contaminated with H2O2 forma-
tion and decomposition (Table 4).
A cooperativity of 3 means that every chain has to
bind three O2 molecules before O2 evolution from
water splitting can occur. The a⁄nity of the enzyme
for O2 is very big (vide supra), hence, the binding is
highly speci¢c. The interpretation might be con-
ducted for the time being in a similar way as with
haemoglobin [25] in the sense that binding of three
O2 molecules might lead to an enzyme conformation-
al change which could consist of three subunits
which then exhibit water-splitting activity. Concern-
ing the number 3 of the Hill coe⁄cient, it should be
noted that if (as formerly with haemoglobin) the val-
ue lies only slightly over 3, the real value is probably
4, above all as at low temperatures the Hill coe⁄-
cient approaches the value of 4 (vide supra). How
this has to be interpreted in the case of the water-
splitting system is at the moment fully unclear. With
haemoglobin the cooperativity can be understood in
context with its quaternary structure where four hae-
moglobin chains, each of which binds one O2, coop-
erate functionally [25]. With photosystem II that is
with its reaction centre at best a dimer is seen [26]. At
any rate, there is a not so recent paper by Seibert et
al. [27] in which a tetramer particle structure on the
luminal side of freeze-etched photosynthetic mem-
branes is correlated with the O2 evolution system.
This structure is interpreted by Hankamer and Bar-
ber [26] as two copies of the dimeric OEC (oxygen
evolving complex). The observed cooperativity of
O2 binding might also be understood, that within
Table 3
Temperature dependence of the isotope distribution of photosynthetic oxygen evolution in O. chalybea
Temperature
(‡C)
Assay
(ml)
Atom fraction
(K)
Isotope distribution
Mass 36 Mass 34 Mass 32
measured
value
theoretical
value
measured
value
theoretical
value
measured
value
theoretical
value
4 3 0.315 13.2 10 40.1 43.2 45.8 46.8
6 2 0.473 24.3 22.3 40.6 49.8 35.1 27.8
9 2 0.473 12.6 22.3 17.09 49.8 70 27.8
15 2 0.473 16.5 22.3 30.8 49.8 52.6 27.8
22 2 0.473 9.2 22.3 22.6 49.8 68.2 27.8
Shown are the saturation values of the evolution rates in dependence on oxygen partial pressure.
Table 4
Photosynthetic oxygen evolution and its isotope distribution from a water pool containing 47% H182 O and 53% H
16
2 O at 7‡C in de-
pendence on the oxygen partial pressure in the assays in the ¢lamentous cyanobacterium O. chalybea
O2 partial pressure (mV) O2 evolution (mV) Isotope distribution
(% mass of total evolution)
Mass ratio 34:36
18O: :18O 18O: :16O 16O: :16O 36: 34: 32:
34 22 36 23 27,2 44.4 28.4 1.63
95 222 378 304 24.5 41.8 33.6 1.72
127 246 486 376 22.2 43.9 33.9 1.9
156 310 506 404 25.4 41.4 33.1 1.63
182 322 546 376 25.8 43.8 30.2 1.69
204 322 538 348 26.6 44.5 28.8 1.67
225 294 516 340 25.56 44.9 29.56 1.75
Start of H2O2 formation 244 308 514 444 24.32 40.6 35.1 1.66
and decomposition C 263 292 494 596 21.1 35.7 43.1 1.61
K= 0.473, the theoretical isotope distribution in percentage of total O2 evolution is mass 36:mass 34:mass 32 = 22.3%:49.8%:27.8%.
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one chain three or four binding sites for oxygen exist
that are coupled to each other and which regulate the
activity of the water-splitting enzyme. In the litera-
ture processes are described in which only small mol-
ecules in solution participate and which are con-
trolled in a similar way [28]. Where this binding
site for O2 molecules is actually located is completely
open. It has to be veri¢ed whether in Oscillatoria
manganese can be a candidate. At any rate it has
to be investigated whether this primary O2 require-
ment in Oscillatoria (just as the under natural con-
ditions simultaneously with the water-splitting reac-
tion occurring H2O2 decomposition) is due to
structural di¡erences in the enzyme complex in com-
parison to the higher plant system. It is known that
in the photosystem II complex of higher plants, in
which the two extrinsic peptides have been removed
by washing with NaCl, H2O2 formation and decom-
position occur [7,8,29]. In these preparations H2O2 is
an electron donor to photosystem II.
The leakiness of photosystem II in Oscillatoria
might be due to the principal absence of the two
extrinsic peptides in this cyanobacterium. If further
experiments will not show that photosystem II prep-
arations of higher plants, which had their two extrin-
sic peptides (23 and 17 kDa) removed, require oxy-
gen for the remaining low oxygen evolution activity,
the O2 requirement of photosynthetic water splitting
(the O2 requirement of the H2O2 decomposition is
trivial) in Oscillatoria would be a basic structure/
function principle of the enzyme system itself in
this cyanobacterium.
4. Discussion
Water oxidation in the ¢lamentous cyanobacte-
rium O. chalybea requires binding of oxygen to the
water-splitting enzyme. The observed oxygen require-
ment is not due to overreduction of the system as
already demonstrated earlier [11]. The presence of
ferricyanide does not abolish the e¡ect and the
amount of O2 necessary to reverse anaerobiosis is
extremely low (see Fig. 1 in [13] or Fig. 1 in this
paper). Overreduction, if the term is applied to the
redox situation in which the acceptor side of photo-
system II is fully reduced, needs not be discussed
anymore. O. chalybea is a ¢lamentous cyanobacte-
rium which represents a phylogenetically very old
system in which the oxygen evolving complex, i.e.
the photosynthetic apparatus, is far from optimal
yet. As a consequence of this, the redox condition
of the water-splitting enzyme complex in the dark
is di¡erent in comparison to a higher plant or to
the Chlorella system. An oxygen evolution pattern
(measured under short saturating £ashes) shows, in
comparison to the normal higher plant pattern, not
only the discussed oxygen signal under the ¢rst £ash,
but also the maximum under the forth £ash and a
lesser e⁄ciency for successful transitions, hence a
much higher level of the miss parameter. In the
dark the S state distribution contains (although
some S3 is present even after long dark adaptations)
higher portions of S0 in relation to green algae [10]
but the system does not go down to the S31 condi-
tion as in Euglena gracilis [30]. Therefore, an Oscil-
latoria pattern re£ects a more reduced general con-
dition than a Chlorella or higher plant pattern. This
general condition can be lifted to the quality of the
higher plant pattern by the action of lipophilic com-
pounds like alkylbenzyldimethylammonium chloride
(ABDAC) [31] or pretreatment with far red light
(Spiegel et al., manuscript in preparation). In this
context it is stated that photosystem II of Oscillatoria
lacks the two extrinsic peptides 17 and 23 kDa and
has to our knowledge despite intensive searching no
other small extrinsic peptides such as the coccal
(thermophilic) cyanobacteria S. vulcanus and others
in which an extrinsic 12 kDa and a c550W20 kDa
peptide seem to exert similar functions as in the high-
er plant system [22]. Hence, it looks as if this cyano-
bacterium lacks these two extrinsic peptides in toto.
Under these conditions it might not astonish that in
Oscillatoria under natural conditions photosynthetic
water splitting is always associated with the forma-
tion and decomposition of hydrogen peroxide. It has
been shown that if photosystem II preparations from
higher plants are washed under certain conditions
with NaCl and other salts, the two extrinsic peptides
are removed [8,9]. In these salt washed preparations
H2O2 was an electron donor to photosystem II.
Treatments like osmotic stress [14] or incubation
with lipophilic compounds such as lauroyl choline
chloride [32] and chloride depletion [33] led to hydro-
gen peroxide formation. These e¡ects were overcome
by high levels of CaCl2 [34].
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Besides work by Aî kerlund [7], in which it was
clearly shown that hydrogen peroxide was an elec-
tron donor to photosystem II when these two extrin-
sic peptides were absent, no clear information is giv-
en in any of the cited reports where hydrogen
peroxide comes from i.e. which reaction sequence
leads to its formation. In O. chalybea it appeared
that hydrogen peroxide was formed by interaction
of oxygen with the S state system [13]. However, no
real experimental evidence could be presented at the
time for the provenance of H2O2. It was stated that
the O2 evolving system of Oscillatoria was apparently
accessible to oxygen which seemed to enter the
water-splitting enzyme at the level of one of the ox-
idation states, probably S2, with the formed hydro-
gen peroxide being decomposed practically at the site
of its formation. The leakiness was interpreted in the
trend of that time as being due to the absence of
extrinsic peptides.
In the present paper we demonstrate that water
splitting in Oscillatoria starts with the binding of
oxygen to the enzyme system. This binding occurs
at an O2 partial pressure at which only oxygen evo-
lution from the water-splitting reaction occurs (Fig.
5, Table 2). On the other side hydrogen peroxide
formation and decomposition seems to be the conse-
quence of high oxygen partial pressures and higher
temperatures (Table 2). Hence, the early binding of
oxygen to the water-splitting system of Oscillatoria
must a priori be distinguished from hydrogen perox-
ide formation and its decomposition. It looks as if
O2 oxidizes the water oxidase, thus priming the S
state cycle. The oxidation of S0 and S1 (in the
dark) apparently leads to S2 and S3 which in turn
leads to the typical features of an Oscillatoria £ash
pattern, namely high O2 formation under the ¢rst
and the second £ash [35]. It should be borne in
mind that the isotope distribution of O2 evolved in
the experiment in which H182 O addition to the S3
condition was followed by a subsequent single £ash,
showed that O2 evolution corresponded to the pat-
tern exclusively characteristic for the water-splitting
reaction 2 H2OC4H+2e+O2 [11]. But oxidation of
the water oxidase must imply reduction of O2, in the
present case to O232 which is hydrogen peroxide, and
which according to the literature is an electron donor
to photosystem II and hence would be decomposed
by the S state system: formation of S3 which itself is
associated with a hydroperoxidic system [36,39] and
reduction of O2 to H2O2 would correspond to a dis-
proportionation practically opposite to the Velthuys-
Kok cycle [37] in which two molecules of H2O2 ‘dis-
mute to form two water molecules and one molecule of
oxygen’ [37].
The reaction sequence leading to H2O2 production
due to the interaction of O2 with the water-splitting
enzyme of the ¢lamentous cyanobacterium O. chaly-
bea is sketched in Scheme 1. It is proposed that H2O2
would enter the enzyme at a redox level correspond-
ing to S2. The scheme interprets the early action of
oxygen on the S state system but does not interpret
the cooperative binding of oxygen to the water-
splitting enzyme of O. chalybea. Further investiga-
tion must show whether O2 exerts in this cyanobac-
terium only the function of an e¡ector molecule, in-
ducing the suitable conformation of the enzyme
protein, which seems highly improbable. Otherwise,
a functional cooperativity of two dimeric units of
photosystem II [26] without the capacity for charge
transfer between chains [38] would have to be as-
sumed.
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Scheme 1. Interaction of oxygen with the S-state system in the
¢lamentous cyanobacterium O. chalybea.
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